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Dichroic polarizer 

The action of dichroic polarizers considered within the framework of the omonQoH 

l^tTr'l ^'^r^' ^" ^ ""'"'^^^ Of materials us^l y ter^^ldT^rofc 

Sdtnnn K ''^^^l nnearly-polarized components of el^rorna^neic 

radiation. D.chroic film polarizers termed polaroids or polarizina Mohtfiit^^ 

most widely applied. To create them, materials containing /for 

examp e. m.crocrystals) are commonly used which. - along wthstrona a^^^^ 

of ^ °^ wavelength. As a .^^L S^mofec^Te^o; 

l^L ^''^ ^^^P^' orientation of molecu es or^artSes ?s 

Wo^^^^^'.k''"^^ manufacturing a polarizer in the certain (chosen) direSion aIsS 
n^J^ ^^^^ absorption axis. The transmission plane of the poIaSir (th^S^aS? 
P^ne) ,s then located perpendicularly to the absorption axis. The absorotioi^S?i 

to The^c^'^^TdL'^^^^^ Of the eLtrica. vector Soarl^^ 

ra ine cnosen direction. When considenng the functionina of oolari^iapo if 

S^I^r'S'lhSr^t'^""? "^l orthogonally pllarized cor^ponlnS s^^ng\o \^^^ 
degree of their absorption. Further, the terms absorbed (parasitic) comDoner^rand 
non-absorbed (the useful component) v^U be used. ^P^rasitic) component and 

fn°^mnf?f efficiency (quality),^Qt polarizers, including dichroic polarizers and 
to compare between them. ; their polarizing abilities (degree of polarizationi are 

23 inR^S.or?^,fK ^P*'^' P°'^"2'ng devices", Kiev. Tekhnika, 1984 [1], page 
for' I fS™?^- "^^'^ °^ polarization will mean the value deteiVnined 

thl n«^2KT'S"!f P w^"""®'' ^'^ the energy transmission coefficients T, and t"?o; 
the non-absorbed and the absorbed orthogonally polarized component respectively 
P = (Tt.T2)/(T, + T2). 

^' »;?'^^f^*'^.K"'® polarizer, through the energy-related reflection coefficients 
^ ^ non-absorbed and the absorbed orthogonally polarized 
component respectively. ^ y^ian^w 

P = (Ri - R2) / (Ri + Rs) 

Dichroic polarizers are known consisting of polymeric films strongly stretched in one 
ft^f* T ^"*^'"'"9 dichroic molecules, which become oriented during 
f!i?Tl?.^'J^^V^S^- «odine-polyvinyl polarizers based on polyvinyl alcohol 
([1], pages 37^2). These polarizers are multilayer films including, along with the 
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polarizing layer, also the reinforcing, gluing, and protecting layers. The basic 
disadvantage of the specified film polarizers is rather high labor input required for 
their manufacturing. r 

The polarizer closest in the technical basis to the one described herein is the 
dichroic polanzer including a substrate on which a molecularly oriented layer is 
deposited which has been obtained from organic dye which is in the lyotropic liquid 
crystal state (application PCT 94/05493. CI. C09B31/147. 1994). Use of such dyes 
allows to considerably simplify the technology of manufacturing dichroic polarizers 
and to lower their cost accordingly, but the dichroic polarizers thus obtained do not 
have the suffiaent degree of polarization. 

The purpose of the invention is to Increase the effidency of a dichroic polarizer at 
the expense of increasing the polarization degree of electromagnetic radiation 
while preserving the high transmission (reflection) coefficient for the non-absorbed 
component, 

The purpose set herein is at^iieved because, in a dichroic polarizer containing a 
substrate and a layer of a dichroic material, two reflecting coatings are IntrpduTOd 
at least one of which is made partially transmitting, and the drchroically absorbing 
layer is located between the two reflecting coatings. Such a multilayer structure 
allows to obtain multipath interference and resembles the Fabrv-Perot 
interferometer. ' 

The dichroic polarizer can be implementing as a reflective one, and one of the 
reflecting coatings will in this case be made completely reflecting, while the second 
will be partially transmitting. Then, the first coating to be deposited from the 
substrate side may be either the reflecting one (completely reflecting), or the 
partially transmitting one. 

The multipath interference results in obtaining, at the exit of the dichroic polarizer, 
Interference maxima, minima, as well as intermediate intensity values, depending ori 
thicknesses and materials of layers and coatings constituting the polarizer. 
Analysis of the influence of interference picture at the exit of the proposed polarizer 
on the polarization degree of radiation has shown that, when an interference 
maximum of intensity is obtained, there is an increase In either the energy-related 
transmission coefficient or, in the other polarizer type (reflective rather than 
transmissive). the reflection coefficient for both the absorbed and the non-absorbed 
components. Thus;; the ratio lof jhter^ities of the transmitted (or reflected) radiation 
of the orthogonally polarized components decreases, and the degree of polarization 
decreases accordingly. Although this increases transmission (reflection) of the 
polarizer, this is not so important as reduction of the polarization degree. 

When an interference minimum is obtained at the exit of a polarizer, the intensity is 
^Se2 ...Vpaillcdoc 
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reduced of both orthogonally polarized components. However, both the calculations 
and the expenmental data have shown that it Is possible to reduce the intensity of 
the absorbed components more significantly than that of the non-absorbed 
components. Although this causes some reduction in transmission (reflection) of the 
polarizer, the degree of polarization substantially increases. 

It is therefore relevant that the materials and layer thicknesses of the dichroic 
polarizer should be chosen from :tlife reiquirement to obtain, at the polarizer exit an 
interference minimum for the absbrbed components for at least one wavelength of 
the electromagnetic radiation. 

The wavelength for which an interference minimum should be obtained can be set 
at. for example, the wavelength corresponding to the middle of the used spectral 
range. ^ 

The width of the used spectral range is then detennined from the follovwna 
considerations. 

The condition of obtaining an interference minimum at the exit of a dichroic polarizer 
can be written as: 

A = mX+X/2, 

vyhere a is the difference in the path lengths of two beams reflected from the 
reflecting coatings when the beams leave the polarizer, m is the order of 
Interference. X is the light wavelength. With a sufficient degree of accuracy, the 
interference minimum also appears for the neighboring wavelengths, for vk/hich the 
path length difference A differs by no more than 10%. For larger orders of 
interference (m = tQ-5p),: i e. when the thickness of the layer dichroically absorbing 
electromagnetic radiation is-large enough, the condition of 10% difference in the 
path length is satisfied for a very narrow range of wavelengths, so the polarizer can 
be used only as a nanrow-band one. When the order of interference is zero (m = 0) 
i.e. for small enough thickness of layer dichroically absorbing electromagnetic 
radiation, this condition is satisfied for a wider wavelength range. For example, if 
550 is taken to be the basic wavelength for which the equality (3) is valid, flie 
requirement to obtain an interference minimum will be satisfied for. practically, the 
entire visible range. Hence, when thickness of the dichroically absorbing layer is 
(Comparable to the radiation wavelength, a broadband polarizer can be obtained. 



From the theory of interference, it is known that, to obtain an interference minimum, 
the optical path length difference between interfering beams should be (X/2+(r\X), 
which is an odd number of half-w/aves. 

To ensure such path length difference, the thickness of the dichroically absorbing 
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layer is determined for at least one \A^velength from the equality >74+ yjz = A/4(1 + 
2m). 

The outcome of interference is largely influenced by the ratio of amplitude values of 
the interfering beams. It is known that the minimal intensity value can be obtained 
NAAien the amplitudes are equal. Therefore, it is relevant to make the amplitude 
values of the interfering beams for the absorbed components as close as possible 
to each other, which would provide maximal mutual cancellation of beams of these 
components. Simultaneously, one should ensure a significant difference between 
the amplitudes of the interfering beams for the non-absorbed components, which 
will practically exclude the opportunity for these beams to interfere, i.e. intensities of 
the non-absorbed components will not be appreciably reduced. If both requirements 
are satisfied, increase in the polarization degree will be ensured, v^ich is more 
important than some decrease in transmission (reflection) of the polarizer. 

From the above considerations, it is relevant that the thickness h of the dichrotcally 
absorbing layer was chosen from the requirement for the following equality to be 
valid for at least for one wavelength X\ 

hn = mX + yJA =(2rn + 1 )*X^>;i ; ; JS? 

where n is the is refraction coefficient of the dichroically absorbing layer, and m Is 
an integer, 

while the thickness and the material of reflecting coatings are chosen from the 
requirement to ensure, for the absorbed components, equality or approximate (to 
within 10-20%) equality of amplitudes for at least two interfering beams for at least 
one wavelength. 

The reflecting coatings can be made either of metal, or manufactured from 
multilayer dielectric mirrors consisting of alternating layers of materials with high 
and low refraction coefficients. 

The metal coatings are easy enough to deposit, for example, by thermal 
evaporation in vacuum. But then, light is absorbed in such coatings, which reduces 
transmission (reflection) of the polarizer For these coatings, aluminium (A(), silver 
(Ag). and other metals can l>e used. 

In case of multilayerx^ielectric mirrors, light is not absorbed in them, but the process 
of their deposition Is father;compJex and labor-consuming. For these coatings. TiOa, 
MgO, ZnS. ZnSe. or TsOz, or polymers can be used as the high refraction coefficient 
materials. As the low refraction coefficient materials, Si02, AI2O3, CaFa, BaF2, AIN, 
BN, or polymers can be used. 
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The following standard methods can be used to deposit reflecting coatings: ttiermal 
evaporation in vacuum, deposition in vapor x^th subsequent thermal processing 
magnetronic dispersion, and others. 

As a material for manufacturing the dichroically absorbing layer, any dichroically 
absorbing material can in principle be used, which can be shaped as a layer vwth 
the thickness comparable to the wavelength, in particular, equal to X/4, However, it 
is more relevant to use a molecularly oriented organic dye which is in the lyotropic 
liquid crystalline state; from the^following series: 
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C2H5 



I, n=2-4, M - cation 



— (S03M)n 




— -(S03M)n 



U, n=2, M- cation 




III. n=:2-3 



— -(S03M)n 




<SQ3M)n 



IV, R«H,CF3:Xs=H,Br.SQ3M:n=i,3: 

= H (a); CO— ^^-R- . R-^. CI (b); 
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V, w» 2-4. M - cation 





IX. R<=H, a, ADC. OAIK; rv»2, M- cation 




XFO,NH,CH2,-n= 2.M-ealion 
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The specified organie dy^es orient the dichroic dye molecules directly during 

layer deposition. Thus, the technological process of obtaining dichroic polarizers 
becomes considerably simpler, and, consequently, its cost decreases. 

To deposit a layer dichroically absorbrng electromagnetic radiation, the follo\Mng 
standard methods can be applied; deposition by a platen, by a doctor kriife, by a 
doctor in the form of a non-rotating cylinder, deposition using a slit spinneret or die, 
etc. 

The invention is illustrated by Figs.1-3. In FIg.l, a scheme is shown of a dichroic 
polarizer according to the prototype. In Fig.2, a scheme of a reflective-type dichroic 
polarizer is sho\A/n according to the invention. In Fig.3, a scheme of a transmitted- 
Ught dichroic polarizer according to the invention is shown. 

In Fig. 1, the scheme of a dichroic polarizer according to the prototype is presented 
including a layer 1 dichroically absorbing electromagnetic radiation and deposited 
onto a substrate 2. In the dichroic polarizer according to the prototype, non- 
polarized electromagnetic radiation 3 passes the layer 1 dichroically absorbing 
electromagnetic radiation and deposited on the substrate 2, and becomes the 
linearly polarized electromagnetic radiation 4. 

Analysis of properties of the prototype dichroic polarizer has shown that, when the 
thickness of the layer 1 dichroically absorbing electromagnetic radiation, is 50 nm, 
for the polarization degree of 80%, transmission of the useful polarized component 
by the dichroic ppjarizer iS :90%- VWIen the thickness of the layer 1 dichroically 
absorbing electromagnetic radiltronli^^ 5 nm, for the polarization degree of 90%. 
transmission of the useful polarized component by the dichroic polarizer is 80%. 
When the thickness of the layer 1 dichroically absorbing electromagnetic radiation 
is 2000 nm. for the degree polarization of 99%, transmission of the useful polarized 
component by the dichroic polarizer is 50%. 

In Fig.2, a scheme of a dichroic reflective-type polarizer according to the invention 
is presented including a layer 1 dichroically absorbing electromagnetic radiation, a 
layer 11 completely reflecting electromagnetic radiation, and a layer 5 partially 
reflecting electromagnetic radiation. All layers are consecutively deposited onto a 
substrate 2. 

Operation of the proposed dichroic reflective polarizer can be explained as follows. 
The non-polarized electromagnetic radiation consists of two linearly polarized 
components 7 and 8, VA^th their polarization planes mutually perpendicular (these 
two components are conventionally shown apart from each other in Figs. 2 and 3 for 
better presentation and understanding). The absorbed and not further used 
component 7, which Is polarized parallel to the absorption axis of the layer 1 
dichroically absorbing electromagnetic radiation, is partially reflected from the layer 
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5 partially reflecting electromagnetic radiation, and forms the beam 9. The other part 
of energy of the component 7 passes through the layer 1 dichroically absorbing 
electromagnetic radiation, and, after being reflected from the layer 1 1 completely 
reflecting electromagnetic radiation, passes the layer 1 once again and then the 
layer 5 forming the beam 10. The reflected beams 9 and 10 are polarized identically 
to the Initial component 7. The thickness of the layer 1 is chosen so as the optical 
path length difference between beams 9 and 10 becomes an odd number of half- 
waves of polarized electromagnetic radiation, where the wavelength corresponds to 
the middle of the used spectral range. In this case, interference of the beams 9 and 
10 results in their mutual weakening, and complete cancellation in the optimum 
case. Complete n[iutual cancellation of the beams 9 and 10 is achieved if the 
intensities (amplitudes) of ^he beams 9 and 10 have either identical or close values, 
vuhich can be achieved by optirnally selecting reflection coefficients of the reflecting 
layers 5 and 11. The reflecting layers 5 and 11 can be made of metal, semi- 
conductor or dielectric and be either single-layer or multilayer. 

The other further used linearly polarized component 8 non-absorbed in the layer 1 , 
which is polarized perpendicularly to the optical axis (absorption axis) of the layer 1 , 
is partially reflected from the layer 5 partially reflecting electromagnetic radiation, 
and forms the beam 12. The other part of energy of the component 8 passes 
through the layer 1 dichroically absorbing electromagnetic radiation, and, after 
being reflected from the layer 11, passes the layer 1 once again and then the layer 
5, and forms the beam 13. The refleaed beams 12 and 13 are polarized identically 
to the initial component 8. Interference results in weakening the beams 12 and 13 
considerably less than the beams 9 and 10. This is caused by the fact that that their 
intensities considerably differ because of the negligibly small absorption of the ' 
beam 1 0 in the layer 1 . 

In Fig.3, the scheme of a dichroic polarizer of a transmissive type according to the 
invention is presented. The polarizer -includes a layer 1 dichroically absorbing 
electromagnetic radiation and layers 2 and 14 partially reflecting electromagnetic 
radiation: All layers are deposited onto a substrate 2. 

Operation of a dichroic transmissive-type polarizer of electromagnetic radiation 
according to the_ inverrtion can tD%,v explained as follov^. The non-polarized 
electromagnetic radiiptipn consists; of two linearly polarized components 7 and 8, 
with their polarization planes mdtilial^ Both of these components 

pass through the layer 5 partially reflecting electromagnetic radiation, and then 
through the layer 1 dichroically absorbing electromagnetic radiation. A part of the 
energy of the components 7 and 8 passes through a layer 14 partially reflecting 
electromagnetic radiation, and forms t>eams 16 and 15 respectively. The other part 
of energy of the components 7 and 8 is reflected from the layer 14 partial/y 
reflecting electromagnetic radiation passes the layer 1 , becomes reflected from the 
Pages ...^ille.doc 
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layer 5. once again passes the layers 1 and 14, and forms the beams 17 and 18 
respectively. The beams 15 and 18 are polarized identically to the initial component 
8. i.e.. perpendicularly to the absorption axes. The passed beams 16 and 17 are 
. polarized identipally to the initial cxirnponent 7. i.e., parallel-perpendicular to the 
absorption axes! \ ' , ^ ^ ^ ; / l--^ 

The purpose of this invention is achieved because of unequal reduction of the 
differently polarized components 3 and 7 of electromagnetic radiation passing 
through a dichroic polarizer during interference of the parts 4 and 6 of the 
component 3, as \A/ell as parts 8 and 11 of the components 7. This is ensured by 
specially selecting thicknesses of layer 1. 2 and 5. In particular, the optical 
thickness of the layer 1 dichroically absorbing electromagnetic radiation should be 
an integer number of wavelengths of polarized electromagnetic radiation. By 
changing thicknesses of the layers 2 and 5 partially reflecting electromagnetic 
radiation, it is possible to select the values of reflection coefficients of these layers 
optimum for increasing the dichroic polarizer efficiency. A criterion for choosing the 
reflection coefficients of the layers 2 and 5 can be, for example, the maximal 
contrast of the dichroic polarizer. The optimum thicknesses of the layers 2 and 5 do 
not affect the basis of the invention. 

The layers 2 and 5 partially reflecting electromagnetk: radiation can be made of 
metal or a multilayer dielectric, which does not affect the l^asis of the invention. 

Examples of specific embodiments of the dichroic polarizer are given below. 

Example 1 . :!^ : ' : . 

A dichroic polarizer of the reflective Vpe according to the invention (Fig.2) for 
polarization In the visible (light) wavelength range, i.e. for the wavelengths band of 
400-700 nm. is made as follows. On a glass substrate, the following layers are 
consecutively deposited: an aluminium, strongly reflecting layer of 1 00 nm thickness 
(deposited using thermal evaporation in vacuum); then a 50 nm thick layer 

dichroically absorbing electromagnetic radiation made of a mixture of dyes of 

Formulas 1.2.3; and then a 2 nm thick aluminium layer partially reflecting 
electromagnetic radiation. 

Measurements have shown the polarizing ability in the dichroic polarizer thus 
manufectured to be 92%. the reflection of the useful polarized component by the 
dichroic polarizer being 90%. A similar polarizing parameter in the prototype 
deposited onto a mirror was 80% for the same dyes and vwth the same thickness, 
and reflection of the useful polarized component by the dichroic polarizer was 90%. 

Example 2. 

A dichroic reflective-type electromagnetic radiation polarizer (Flg.2) polarizing in the 
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visible (light) >A/avelength range is manufartured as follo\A/s. A strongly reflecting 
layer with 98% reflection coefficient in the 490-510 nm NAravelength range is 
deposited onto a glass plate as a multilayer dielectric coating. This coating is made 
of alternating MgF2 and cryolite layers. On top of this strongly reflecting layer, a 120 
nm thick layer is deposited which dichroically absorbs electromagnetic radiation and 
is made of oriented dye of Formula II. Then, a layer is deposited partially reflecting 
electromagnetic radiation, with reflection coefficient of 28%, also made of MgF2 and 
cryolite layers. 

Measurements have shown the polarizing ability in the dichroic polarizer thus 
manufactured to be 95% in the 490-51 0 nm wavelength range, the reflection of the 
useful polarized component by the dichroic polarizer being 90%. The polarizing 
ability in the prototype deposited onto a mirror was 85%, the reflection of the useful 
polarized component by the dichroic polarizer being 90%. 
Example 3. 

A didiroic transmitted-light elecftrpm^^^^ radiation polarizer (Fig.3) polarizing in 
the wavelength region of 620-640 nm is manufactured as follows. A 20 nm thick, 
partially reflecting aluminium layer is deposited onto a glass plate (deposition using 
thermal evaporation in vacuum). Then a 140 nm thick layer dichroically absorbing 
electromagnetic radiation made of oriented dye of Formula IV is deposited. Finally, 
the second 20 nm thick aluminium layer partially reflecting electromagnetic radiation 
is deposited. 

Measurements have shown the polarizing ability in the dichroic polarizer thus 
manufactured to be 98%, the reflection of the useful polarized component by the 
dichroic polarizer being 80%. The polarizing ability in the prototype was 86%. with 
82% transmission of the useful polarized component by the dichroic polarizer. 

Example 4. 

A dichroic transmitted-Iight electromagnetic radiation polarizer according to the 
invention (Fig. 3) polarizing in the near inf ranged wavelength range is manufactured 
as follows. A layer partially reflecting in the 700-1200 nm wavelength range having 
the reflection coefficient of 40-55% is deposited onto a glass plate as a multilayer 
dielectric coating madejpflayers of zinc sulfite and ammonium phosphate. On top of 
this strongly reflecting layer^"^ a 180 nm thick layer dichroically absorbing 
electromagnetic radiation made of oriented dye of Formula X is deposited, and then 
a layer partially reflecting electromagnetic radiation with the reflection coefficient of 
28%, also made of layers of zinc sulfite and ammonium phosphate. 

Measurements have shown the polarizing ability in the manufactured dichroic 
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polarizer to be 92% in the \A/avelength range of 700-1200 nm. the reflection of the 
useful polarized component by the dichroic polarizer being 80%. 

The polarizing ability of the prototype was 75%, with 80% reflection of the useful 
polarized components by the dichroic polarizer 

Thus all the examples demonstrate the enhancement of the dichroic polarizer 
efficiency due to the increasing of the p<5larization degree of the electromagnetic 
radiation admitted and with the same value of the transmittance (reflectance) 
coefficient for the non*absorlDed component. 
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